This paper presents an overview concerning the electronic, structural and magnetic properties of Co 2 FeAl (CFA) thin¯lms. We¯rst used ab initio calculations of the electronic structure in order to discuss the half-metallicity of this compound. Involving a correlated structural-magnetic * Corresponding author. SPIN Vol. 4, No. 4 (2014) analysis, we then illustrate, experimentally, the e®ect of the thickness as well as the annealing temperature on the magnetic and structural properties of CFA¯lms epitaxially grown on MgO (001) single crystal substrates. The X-ray di®raction shows that in our samples having the CFA (001)[110]//MgO(001)[100] epitaxial relation, the chemical order is enhanced as the thickness and the annealing temperature (T a ) are increased. Ferromagnetic resonance measurements reveal further dynamic magnetic properties. The gyromagnetic factor, estimated at 29.2 GHz/T, is both thickness and annealing temperature independent. The in-plane anisotropy results from the superposition between a dominant fourfold symmetry term, as expected for cubic crystal symmetry of the alloy, and a small uniaxial term. The fourfold anisotropy decreases with increasing thickness and annealing temperature. The exchange sti®ness constant is thickness independent but increases with T a . In addition, the e®ective magnetization varies linearly with T a and with the inverse CFA thickness. This is due to the presence of perpendicular uniaxial anisotropy, estimated around À1.8 erg/cm 2 at T a ¼ 600 C and 1.05 erg/cm 2 at T a ¼ 265 C, respectively. Frequency and angular dependences of the FMR linewidth show two magnon scattering and mosaicity contributions which depend on the CFA thickness and T a . A Gilbert damping coe±cient as low as 0.0011 is found for samples annealed at 600 C. Finally, we illustrate that these¯lms can be used as ferromagnetic electrodes in sputtered epitaxial magnetic tunnel junctions (MTJ) based on MgO(001) tunnel barriers. These MTJs show an improvable TMR ratio around 95% at room temperature.
Introduction
Spintronics is a rapidly emerging¯eld of science and technology where electron spin is used, as well as its charge, as an information carrier. The development of spintronics was triggered by the discovery of the giant magnetoresistance (GMR) independently by Fert and Grünberg. 1, 2 Thereafter, the¯eld of spintronics showed a continuous expansion while several other e®ects, such as tunnel magnetoresistance (TMR) 3 and spin transfer torque (STT) 4 have been discovered and employed in commercial devices.
Nowadays, the spintronics is facing a series of challenges. First, the large TMR e®ect in magnetic tunnel junctions, elementary bricks of sensors and nonvolatile magnetic random access memories (MRAM), has to be continuously increased to provide adequate signal-to-noise ratios in increasingly smaller devices. Second, the critical current density for the STT magnetization switching, 5 which is proportional to Gilbert damping constant and to the inverse of the spin polarization, should be further reduced. This is essential for applications concerning magnetization reversal by STT in STT-MRAM and for building high e±ciency spin torque oscillators. Thirdly, the injection and detection of spin-polarized currents from metallic ferromagnets into semiconductors is another challenge for spintronics due to the conductivity mismatch between the two types of materials. 6, 7 This last issue can be solved by employing tunnel injectors with large spin polarization and properly tuned electrical transparency. 8 At a¯rst glance, a key technology which would solve all this challenges would be based on materials with high spin polarization and low damping parameters. However, the damping level has to be optimally adjusted to face other important challenge related to the engineering of the new generation of recording devices. Due to the low resistance of nanoscopic scale pillars, all metal current-perpendicular-to-plane (CPP) GMR sensors represent nowadays the ideal candidates for the ultra-highdensity (> 1 Tb/in 2 ) read heads. Even if the signal level is lower than the one of a standard MgO-based TMR sensor, the lower Johnson noise of CPP-GMRs would lead to interesting signal-to noise ratios.
order to sustain reasonable signal-to-noise ratios both polarization and damping have to be optimally adjusted. Typically, the polarization has to be maximized and the damping should be tuned appropriately.
Most of the challenges listed above can be addressed by using as ferromagnetic electrodes in spintronic devices the Heusler alloys. These materials provide a large spin polarization combined with a low Gilbert damping which can be furthermore extrinsically controlled depending on the selected spintronic application.
Heusler alloys are a special class of intermetallic compounds named after Friedrich Heusler, who in 1903 reported Cu 2 MnAl to be a strong ferromagnet although the elemental constituents are not ferromagnetic. 10 Since the prediction of the half-metallicity, by de Groot et al. in 1983, of the half-Heusler alloy NiMnSb, 11 the scienti¯c interest on Heusler alloys has been renewed and they are attracting considerable experimental and theoretical interest. In addition to NiMnSb, several other Heusler alloys have been predicted, from ab initio calculations, to be half-metallic, such as the Co-based full-Heusler compounds [12] [13] [14] which are promising materials for commercial spintronic applications especially due to their relative high Curie temperatures.
The full-Heusler alloys 14, 15 are described by the formula X 2 YZ, where X and Y are transition metals and Z is a main group sp element. Depending on atomic sites occupied by the X, Y and Z atoms in the elementary cell, the alloy can adopt di®erent structures with di®erent chemical or atomic disorder. Heusler alloys in the totally ordered phase L2 1 transform into the B2 structure (when the Y and Z atoms randomly share their sites). Moreover, they form an A2 structure when X, Y and Z randomly share all the sites. This chemical disorder strongly in°uences many of their physical properties. Indeed, it is reported by Picozzi et al. that some types of disorder might lead to additional states at the Fermi level, thus reducing the spin polarization. 13 Motivated by the above-mentioned challenges, research on integrating half-metallic Heusler alloys into GMR and TMR thin¯lm heterostructures is in progress. Based on their theoretically predicted halfmetallicity, it is expected that the use of the Heusler alloys should lead to huge magnetoresistance values. However, in order to obtain experimentally the halfmetallicity one has to surmount two challenges: achieving the perfect chemical and crystallographic order, i.e., crystallization of the Heusler electrode in L2 1 structure and coherent interfaces of the Heusler compound and the metallic (CPP-GMR device) or MgO(001) tunnel barrier (TMR device). In this last case, of single crystal MTJs based on Heusler alloys and (001) MgO tunnel barriers, the tunnelling polarization could be particularly large due to symmetry dependent attenuation rate of propagative Bloch function selected in the single crystal ferromagnetic electrodes. 16 Therefore, even for a nonperfect half-metallic Heusler electrode, the halfmetallicity could be recovered by suppression of conduction channels with large attenuation across the single crystal MgO (001) 27 Furthermore, Co 2 FeAl is a very attractive material due its high T C (T C % 1000 K) 15 and its ability to grow epitaxially on MgO surfaces and therefore high TMR ratio is expected. Indeed, a TMR ratio of 360% has been achieved in CoFe/ MgO/Co 2 FeAl structures. 17, 18 In addition to its lowest magnetic damping parameter among Heuslers, as we will illustrate here, the relatively small lattice mismatch between MgO(001) and CFA(001) enables the fabrication of a high-quality CFA/MgO (001) epitaxial heterostructure for low-RA MTJs, which are essential to the observation of spintransfer switching. In fact, spin-transfer magnetization switching using magnetic CFA-based tunnel junctions has been demonstrated 28 using intrinsic critical current density (7.1 MA/cm 2 ) as small as that reported one for CoFeB/MgO/CoFeB. Moreover, as we will show in this paper perpendicular magnetization of CFA full-Heusler ultra thin¯lms can be achieved which makes CFA an ideal candidate as a ferromagnetic electrode for perpendicular MTJs. This is promising for further reduction in the critical current density of current induced magnetization switching. 4, 29 Faced to all the challenges listed above, the integration of CFA as a ferromagnetic electrode in a spintronic device requires a good knowledge allowing for a precise control of its chemical, structural, electronic, static and dynamic magnetic properties. Issued from combined theoretical and experimental studies, the main goal of this paper is to provide an overview of the electronic structure, structural, static and dynamic magnetic properties of Co 2 FeAl such as saturation magnetization, magnetic anisotropy, the exchange sti®ness parameter, the gyromagnetic factor and the damping mechanisms monitoring its dynamic behavior. Both the e®ect of annealing temperature and thickness are investigated. Finally, we will discuss some potential applications of CFA in MTJ devices.
Electronic Structure
In order to get a deeper understanding of electronic structure of the CFA full-Heusler alloy, we have employed ab initio band structure calculations using the Wien2k code. 30 A¯rst step was the calculation of the bulk electronic structure. The unit cell structure has been generated using the space group number 225 corresponding to Fm-3 m crystalline structure. The Wycko® positions of the atoms are Co(1/4,1/4,1/4) (3/4,3/4,3/4), Fe(1/2,1/2,1/2) and Al(0 0 0), which correspond to the totally ordered L2 1 phase of CFA. Here, we considered only the situation of a perfectly ordered alloy and disregarded the A2 and B2 disordered con¯guration, although they have a strong impact on the spin polarization, as shown for example by Picozzi et al.
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Our simpli¯ed choice has been motivated by the purpose of our calculation. We sought to show the appearance of the half-metallic gap and to investigate the orbital character of the bands lying above and below this minority gap, especially their symmetries. This analysis in terms of symmetry is particularly important for CFA/MgO single crystal MTJs where the crystalline MgO barrier provides symmetry dependent attenuation rates. This¯lter-ing e®ect in terms of Bloch wave symmetry will have a major impact on the tunneling density of states and therefore on the tunneling polarization. We stress that in a tunnel junction the pertinent quantity to describe the polarization is the tunnel density of states (TDOS) and not the electrode density of states (DOS). The TDOS takes into account also the probability that a state available in DOS to propagate by tunneling across the barrier.
The lattice parameter used in our calculation has been the experimental one for CFA, a ¼ 0:573 nm. Then, we relaxed the structure in order to¯nd the equilibrium lattice parameter which minimizes the total energy of the system, as required within the local spin density approximation (LSDA) used by Wien2k. The equilibrium theoretical lattice parameter was found to be equal to a min ¼ 0:57034 nm. The relaxation has been done by varying isotropically with 20% the volume of the unit cell around the experimental volume.
It has been shown [31] [32] [33] that for the related Co 2 FeSi compound it is necessary to include on-site correlations in the calculations in order to explain the experimental found saturation magnetization. The Hubbard correlation term U in the LSDA þ U scheme is designed to model localized states when on-site Coulomb interactions become important. It is clear that the d electrons are delocalized in metals. However, since the Co based Heusler compounds follow rigorously the Slater-Pauling curve, they are generally thought of as systems that exhibit localized magnetic moments.
14 Therefore, the inclusion of electron-electron correlations might be necessary in order to respect a partial localization of the d electrons in the Heusler alloys. Therefore, we proceed as Ref. 14 and calculated the electronic structure of the CFA alloy by introducing the Hubbard correlation term U of about 2 eV.
In order to identify the nature of the minority states lying near the Fermi level (E F ), we calculated the orbital projected DOS of di®erent atoms: Co, Fe and Al. Figure 1 summarizes our results. We regrouped the orbital character chosen for the projection to the ones belonging to the Á 1 symmetry (e.g., s, p z , d 2 z ). These orbitals are known to be the less attenuated by an MgO single crystal barrier and therefore the wave functions with the Á 1 symmetry will determine the dominant channels for electron tunneling across the MgO. One can immediately observe that the half-metallic minority gap is perfectly de¯ned and extends below and above E F for both projected electron symmetries, for Co, Fe and Al atoms.
In order to get deeper understanding on the e®ect of the correlations on the electronic structure of CFA, we have performed the same calculations without taking into account the Hubbard term. Figure 2 shows the projected DOS with d In order to get deeper insight into the electronic structure of the ordered CFA alloy, especially if one wants to build MTJs where the tunnel transport takes place along the (001) direction, we calculated also the energy bands E(k) as presented in Fig. 3 . We compare the result of our calculation with or without introducing the Hubbard correlation term U. The comparison is meant to observe which would be the e®ect of considering the correlation term U on the band structure. From the band structures, one can clearly see that the correlations have a direct e®ect on the increase of the minority gap width.
If one focuses around the X point following the ÀÁX direction, within the LSDA þ GGA approach which neglects the correlations, we observe the d 2 z -like minority bands around the Fermi level closing the minority gap. When the correlations are considered, these d 2 z bands will be shifted about 1 eV above the E F , reconstructing the half metallicity of the system. We especially focused on the bands structure along ÀÁX direction in order to understand the tunneling transport in CFA/MgO single crystal junctions, where the tunneling current is dominated by the propagation of the Á 1 states. 16 From the fat bands analysis, one can clearly observe once more that, in the case of the LSDA þ GGA approach, the minority band around the X point has d 2 z orbital character. This is of extreme importance because the propagation of this band by tunneling is highly favored across the MgO(001), having in view that d 2 z belongs to highly conductive Á 1 states. However, one has to take into account that by introducing the correlations (LSDA þ U) these d 2 z bands will be shifted upward in energy, opening the minority spin gap. This clearly indicates the major e®ect of the electron correlations on the width of the gap and therefore of the half-metallicity of the compound.
In realistic systems, disorder will a®ect the gap of the minority spin. It will induce energy levels within the minority spin band gap, around the Fermi level. As a consequence, the half-metallic character will be damaged and the spin polarization reduced. 13 Nonetheless, the couple CFA(001)/MgO(001) would be expected to provide large TMR e®ects by recovering the half-metallicity of the Heusler in terms of tunneling polarization due to the symmetry¯ltering properties of the MgO tunneling barrier. An interesting feature of the band structure of the CFA is that the worst high symmetry direction for the half-metallic character is exactly the ÀÁX direction which is the least attenuated in tunneling propagation across the MgO (001) insulator. However, the better half-metallicity (larger gap) along the other high symmetry directions will eliminate any parasitic contribution of tunneling electrons with k jj 6 ¼0.
Experimental Methods
CFA¯lms were deposited on MgO (001) singlecrystal substrates using a magnetron sputtering system with a base pressure lower than 3 Â 10 À9 Torr. Prior to the deposition of the CFA¯lms a 4 nm thick MgO bu®er layer was grown at room temperature (RT) by rf sputtering from a MgO polycrystalline target under an argon pressure of 15 mTorr. The MgO bu®er layer improves the°at-ness quality of the substrate and traps the residual carbon, thus preventing carbon di®usion across the stack during subsequent annealing stages. After the bu®er layer deposition, CFA¯lms with di®erent thicknesses were dc sputtered at RT from a 2 in. diameter stoichiometric target (Co50%Fe25% Al25%) under 1.0 mTorr of Ar, at a rate of 0.1 nm/s. Finally, the CFA¯lms were capped with a MgO (4 nm)/Cr(10 nm) or with a MgO(4 nm)/Ta(10 nm) bilayer. After the growth of the stack, the structures were ex situ annealed during 15 min in vacuum.
Two kinds of samples will be considered here: thē rst group having t ¼ 50 nm CFA thin¯lms annealed at di®erent temperatures (T a : 315 C, 415 C, 515 C and 615 C) and caped with MgO (4 nm)/Ta(10 nm) is devoted for the investigation of the e®ect of the T a on the structural and the magnetic properties. For the second set of samples, CFA thin¯lms of variable thicknesses (10 nm t 115 nm) have been annealed at 600 C for the investigation of the thickness dependence of the correlation between their structural and magnetic properties.
The structural properties of the samples have been analyzed by X-ray di®raction (XRD) using a high-resolution four-circle di®ractometer. The static magnetic characteristics were investigated by vibrating sample magnetometry and the dynamic properties were studied using microstrip ferromagnetic resonance and Brillouin light scattering in some cases.
It should be mentioned that some data from Secs. 4 and 5 were presented in a di®erent form, in Refs. 34 and 35.
Structural Properties
In order to determine the crystal structure of the CFA¯lms, we performed XRD experiments. Figure 4 shows the X-ray 2À! (out-of-plane) diffraction patterns recorded for a 50 nm thick CFĀ lm annealed at di®erent temperatures. An analysis of the XRD patterns illustrates that, in addition to the peak corresponding to the MgO substrate, all the samples exhibit only the (002) and (004) peaks of the CFA. This indicates a (00l) textured growth of the¯lms. The X-ray 2À! measurements alone can prove only the out of plane texture of the¯lms. In order to con¯rm the epitaxial growth, -scan measurements must be employed. Figure 5 shows -scan measurement of the CFA (022) and MgO (022) re°ections, performed for the 50 nm thick¯lm From the chemical order point of view, the CFA crystal may be in the perfectly chemically ordered L2 1 phase, the B2 phase characterized by disorder between Fe an Al while Co atoms occupy regular sites, and the A2 phase in which Fe, Al and Co occupy randomly the atomic sites. The perfectly ordered L2 1 structure is characterized by the presence of superlattice re°ections such as (111) or (311). 36 In the limit of the measurements resolution, we did not observe such superlattice re°ections and concluded with the absence of the L2 1 phase in the studied¯lms. In contrast, the (002) superlattice peak which is characteristic to the B2 is observed. Since the (004) re°ection is a fundamental one belonging to the cubic structure and does not depend on the chemical order, the integrated peak intensity ratio A(002)/A(004) represents a measure of the degree of order on Co sites. This ratio, shown in the inset of Fig. 4 , increases with T a . This indicates a monotonous evolution of the chemical order from the A2 towards the B2 phase as the T a is increased. 37 The XRD patterns of the CFA thin¯lms of various thickness and annealed at 600 C are shown in Fig. 6 . As expected, the measurements indicate the epitaxial growth of the CFA¯lms with di®erent thicknesses. This is furthermore con¯rmed by polē gure measurements (not shown here). No L2 1 superlattice re°ections were observed, regardless of the CFA¯lm thickness. Interestingly, the integrated peak intensity ratio A(002)/A(004), which is displayed in the inset of Fig. 6 shows an increase with the thickness of the CFA layer. This indicates a transition from the A2 order towards the B2 as the thickness of the CFA layer is increased above 10 nm.
From the above presented results, we have concluded that for a constant thickness of 50 nm of the CFA layer, while the annealing temperature is increased, the chemical ordering improves from the A2 phase towards the B2 one. At the same time, for a constant annealing temperature of 600 C the chemical ordering improves by increasing the CFĀ lm thickness. Regardless of the CFA layer thickness and annealing temperature, the L2 1 chemical ordering was not evidenced in our¯lms.
Magnetic Dynamic Properties
All the measurements presented here were performed at room temperature using a vibrating sample magnetometer for the magnetization at saturation and a home-made microstrip ferromagnetic resonance setup (MS-FMR) 34 for the dynamic magnetic investigations. The g value, which determines the gyromagnetic factor (), the magnetic anisotropy, the e®ective magnetization, the exchange sti®ness constant and other parameters are precisely accessible by the MS-FMR technique, through the study of the frequency variation versus the amplitude and the direction of the applied magnetic¯eld. Therefore the magnetic parameters and the di®erent relaxation mechanisms involved in the FMR linewidth broadening in CFA thin¯lms were precisely derived at room temperature from MS-FMR measurements. Their variation versus the annealing temperature and the CFA thickness will be discussed below.
The MS-FMR measurements have been analysed using a model based on the following energy density: In the above expression, M and ' M represent the out-of-plane and the in-plane (referring to the substrate edges) angles de¯ning the direction of the magnetization M s . ' u and ' 4 de¯ne the angles between an easy uniaxial planar axis or an easy planar fourfold axis with respect to this substrate edge. K u , K 4 and K ? are in-plane uniaxial, fourfold and outof-plane uniaxial anisotropy constants, respectively. We de¯ne
as the in-plane uniaxial and the fourfold anisotropȳ elds and we introduce the e®ective magnetization M eff ¼ H eff =4 obtained by:
As experimentally observed, the e®ective perpendicular anisotropy term K ? is thickness dependent. K ? describes an e®ective perpendicular anisotropy term which writes as: The magnetization at saturation (not shown here) increases slightly (10% of change) with the increasing annealing temperature indicating the improvement of atomic order. A maximum value of 1029 emu/ cm 3 has been achieved for the¯lm annealed at 615 C.
The typical MS-FMR angular dependence of the resonance¯eld at 7 GHz driven frequency of 50 nm CFA thick¯lms annealed at 415 C, 515 C and 615 C are shown in Fig. 7(a) for the uniform precession mode. It shows that the angular behavior of the resonance¯eld is governed by a superposition of small uniaxial, traduced by a di®erent resonancē elds at 0 (180 ) and 90 (270 ), and dominated fourfold anisotropies having parallel easy axes: their common axis coincides with one of the substrate edges and, consequently, with one of the h110i crystallographic directions of the CFA. The epitaxial symmetry properties shown in 
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with the principal directions of the four-fold contribution suggesting a magnetocrystalline origin of the four-fold anisotropy, while the origin of the uniaxial anisotropy remains unclear.
The corresponding¯eld dependence of the frequencies of the uniform precession and the¯rst PSSW modes recorded for an applied¯eld along the easy axis of CFA thin¯lms annealed at various T a are shown in Figs. 7(b) and 7(c) , respectively. Bȳ tting the data in Fig. 7 to the above-summarized model (see Ref. 34 for more details), the gyromagnetic factor (), exchange sti®ness constant (A ex ), the in-plane anisotropy¯elds and the e®ective magnetization (4M eff ) are extracted and the obtained values are presented in Fig. 8 .
The gyromagnetic factor (=2 ¼ 29:2 GHz/T) is independent on T a while A ex , shown in Fig. 8(b) , increases with an increasing T a , in concordance with the enhancement of the chemical order with the increase of the annealing temperature. A similar behaviour of the exchange sti®ness of Co 2 FeAl 0:5 Si 0:5 with T a has been reported by Trudel et al. 41 Moreover, while the uniaxial anisotropy¯eld (H u ), shown in Fig. 8(d) with an error bar of 1 Oe, does not follow a regular behavior with T a and seems to have higher values at higher T a , the fourfold anisotropy¯eld (H 4 ) decreases as the T a increases [ Fig. 8(c) ], most likely due to the improving crystalline structure and chemical order. The extracted e®ective magnetization from the MS-FMR measurements is shown in Fig. 8(a) . It increases linearly with the annealing temperature, in the range 415-615 C, with the rate of 13Oe/ C leading to a negative perpendicular anisotropy, which tends to favor the in-plane orientation. The origin of this anisotropy will be discussed below.
E®ect of the CFA thickness
The uniform precession and the¯rst PSSW modes have been observed in perpendicular and in-plane applied¯eld con¯gurations for samples thicknesses down to 45 nm. For the thickest¯lm (115 nm), it was even possible to observe the second PSSW. For lower sample thickness, the PSSW modes are not detected due their high frequencies over-passing the available bandwidth (0-24 GHz). The angular and the¯eld dependence of the frequency of PSSW and uniform precession modes are illustrated in Fig. 9 , respectively for the 70 nm thick and for various Crcapped CFA¯lms.
As noticed above, the angular behavior is governed by a superposition of uniaxial and four-fold anisotropy terms with the above-mentioned easy axes with symmetry properties in agreement with the principal epitaxial directions of the growth. The conjointly¯t of MS-FMR results shown in Fig. 9 using the measured VSM magnetization at saturation averaged upon all the investigated samples (M s ¼ 1000 AE 50 emu/cm 3 ) revealed that and A ex values are 2.92 GHz/kOe and 1.5 erg/cm, respectively. This value does not depend on the studied sample.
The four-fold and the uniaxial anisotropy¯elds extracted from the¯t of the experimental data using the above-summarized model (see Ref. 34 details) are shown in Fig. 10(a) . For all the samples, the four-fold anisotropy is dominant. While the uniaxial anisotropy¯eld (H u ) of the Cr-capped¯lms is small and does not seem to depend upon the thickness, H u is higher for the Ta-capped¯lms, maybe due to interface e®ects, and is a decreasing function of the thickness [ Fig. 10(a) ]. Up to now we have no completely satisfying interpretation of the presence of H u and of its variations versus the nature of the¯lm capping. The four-fold anisotropȳ elds (H 4 ) are comparable for Cr-and Ta-capped lms and decrease when their thickness increases, as seen in Fig. 10 (a) most probably due to the B2 ) A2 phase transition, observed through XRD, when the CFA thickness decreases. According to the e®ect of the annealing temperature, which is also attributed to the enhancement of the chemical order, it seems that the most disordered phase A2 has a higher fourfold anisotropy than the B2 one. Figure 10 (b) plots the extracted e®ective magnetization, 4M eff , versus the¯lm thickness 1=t. It can be seen that M eff follows a linear variation. This allows us to derive the perpendicular surface anisotropy coe±cient (K ?s ): K ?s ¼ À1:8 erg/cm 2 . The limit of 4M eff when 1=t tends to zero is equal to 12.2 kOe, which is, within the experimental accuracy, the same as the magnetization at saturation (4M s ). The perpendicular magnetic anisotropy, which derives from a surface e®ect energy term, has a negative value and provides an in-plane contribution. It originates from the CFA/MgO interface which is improving with the annealing temperature and which leads to an enhancement of the e®ective magnetization, as shown in Fig. 8(a) . This type of thickness dependent behavior of the e®ective magnetization was also observed in CoFeB/MgO based structures 42 where the CoFeB/MgO interface favours a perpendicular magnetization.
It is worth to mention that for 5 nm thick samples annealed at 600 C, a lower e®ective magnetization has been obtained. This suggests an inverse thickness dependence trend of 4M eff for lower thickness Electronic, Structural and Magnetic Properties of Co 2 FeAl Thin Films of CFA, which might lead to perpendicular magnetic easy axis. At least three parameters, such as, cap and bu®er layers, annealing temperature and CFA thin lms thickness should be tuned in order to stabilize the perpendicular magnetic anisotropy. Therefore, we have grown MgO/MgO(4)/Cr(20)/CFA(t)/MgO (0.65)/Cr(1.5) heterostructures (numbers indicate thickness in nm) of various CFA thickness (1 nm t 10 nm) and annealed them at 265 C, in the absence of an applied magnetic¯eld. In Fig. 11 , the extracted e®ective magnetization M eff against lm thickness is plotted. One can observe that M eff can be¯tted linearly to the inverse of CFA¯lm thickness in the range 1.8-1 nm. The M eff decreases to zero at around t ¼ 1:2 nm, below which the surface anisotropy will overcome the demagnetization eld and causes the magnetic easy axis to switch out-of-plane (negative M eff ). This has been conrmed by the hysteresis loops of the 1.2 nm and 1 nm thick CFA¯lms measured by polar magneto-optical Kerr e®ect (shown in the inset of Fig. 11 ). Using the above-mentioned average value of the magnetization at saturation (M s ¼ 1000 eum/cm 
FMR linewidths
Gilbert damping parameter controls how fast the magnetization reverses and therefore it is an important technological parameter. Although low damping is essential for spin switching with low currents and spin torque oscillators, it enhances the spin-torque-induced magnetic noise in CPP GMR sensors. The information on damping and therefore the relaxation mechanisms can be obtained by measuring the ferromagnetic resonance linewidth in the small amplitude regime. This linewidth is caused by two mechanisms: the intrinsic damping (Gilbert damping) of the magnetization and extrinsic contributions (such as two magnons scattering, mosaicity, etc.) as mentioned above. The intrinsic damping processes are the unavoidable ones and the extrinsic processes can eventually be controllable. The angular and frequency dependences of the FMR linewidth provide information about these magnetic damping mechanisms. Therefore, the¯eld peak to peak FMR linewidth, de¯ned as the¯eld di®erence between the extrema of the sweep-¯eld measured FMR spectra, has been investigated as function of the annealing temperature and the CFA thickness. Since the similarities between behaviours of the linewidth with thickness and T a in our samples, their e®ects will be discussed together.
Figures 12(b) and 12(d) show the FMR peak to peak linewidth (ÁH PP ), de¯ned as the¯eld di®er-ence between the extrema of the FMR derivative curve, as a function of the¯eld angle ' H for the 70 nm and 50 nm Cr-and Ta-capped CFA¯lms, respectively annealed at 600 C for two driving frequencies of 6 GHz and 9 GHz. For comparison, the angular dependence of the resonance¯elds are plotted in Figs. 12(a) and 12(c) . All the other samples show a qualitatively similar behavior to one of the samples presented here. The linewidth always presents a minimum for an applied¯eld parallel to the above-mentioned easiest axis. The positions of the maxima depend on the sample.
The observed pronounced anisotropy of the linewidth cannot be due to the Gilbert damping contribution, which is expected to be isotropic, and must be due to additional extrinsic damping mechanisms. In the 50 nm thick sample, the ÁH PP angular variation shows a perfect fourfold symmetry (in agreement with the variation of the resonance position). Such behaviour is characteristic of twomagnon scattering. This e®ect is correlated to the presence of defects preferentially oriented along speci¯c crystallographic directions, thus leading to an asymmetry. Concerning the 70 nm thick¯lm, the in-plane angular dependence of ÁH PP is less simple and shows eight maxima, indicating an additional contribution driven by the mosaicity. Therefore, the entire angular dependence of the FMR linewidth in our samples can be explained as resulting of the four contributions mentioned above: two magnon scattering, mosaicity, inhomogeneities and Gilbert damping. Furthermore, the frequency dependence of FMR linewidth, for applied¯elds parallel to the easy and the hard axes, for all the CFA¯lms of various thicknesses and annealed at di®erent temperatures presented in Fig. 13 shows that the linewidth decreases with increasing T a and thickness (for the Ta-capped¯lms) due to the enhancement of the chemical order. Due to the high values of 4M eff for our samples, the frequency variation of ÁH PP does not allow for evidencing the existence of the two magnon contribution in contrast to its in-plane angular dependence, since the linear behavior of both Gilbert and two magnon scattering contributions according to Ref. 34 . Therefore, the observed angular and frequency dependences of the¯eld linewidth have been analyzed conjointly by considering intrinsic and extrinsic contributions, using the similar method described in Ref. 34 . This analysis shows that intrinsic Gilbert coe±cient is found to be independent of the studied sample and equal to 1:1 Â 10 À3 , in good agreement with the measured value by Mizukami et al. 46 while it is T a dependent as shown in Fig. 14 . The reason for the decrease of with increasing T a is most probably due to increase of the chemical order degree 46 more a®ected by the annealing than by the thickness at higher annealing temperatures.
The di®erent parameters describing the Gilbert damping, the two magnon scattering, the mosaicity and the inhomogeneity are listed in Refs. 34 and 35. The two-magnon and the mosaicity contributions to ÁH PP increase when the thickness decreases, probably due to the progressive above reported loss of chemical order. Finally it is important to notice that the very low value of the intrinsic damping in the studied samples, which is comparable to that of Fe 0:63 V 0:37 considered as the ferromagnetic metal having the lowest 47 , increases the potential application of CFA in spintronics.
Magnetic Tunnel Junctions with Co 2 FeAl Electrodes Properties
The CFA¯lms have been used as ferromagnetic electrodes in magnetic tunnel junction (MTJ) structures. The MTJ multilayer stacks have been grown by sputtering in a hard/soft architecture on single crystal MgO(001) substrates. The substrate choice has been motivated by the symmetry¯ltering e®ects across the single crystal MgO(001) barriers 16 which should provide enhanced tunneling polarization. In our stacks, the soft layer is constituted by a 30 nm thick CFA¯lm, with in-plane magnetization (see Sec. 5.1), whereas an exchange-biased Co 50 Fe 50 (5 nm)/IrMn(10 nm) bilayer has been used as the hard reference. After the deposition, the multilayer stack has been annealed at 350 C under an external magnetic¯eld in order to enhance the crystalline quality of the stacks and to de¯ne a magnetic pinning direction. In order to perform magneto-transport experiments, the MTJ stacks have been patterned by UV lithography and ion beam etching in square MTJ devices with a lateral size from 10 m to 50 m. In Fig. 15 , we illustrate a typical R(H ) curve measured at room temperature on a MTJ pillar with a MgO barrier thickness of 2.1 nm. The measured room temperature TMR ratio is around 95% which would correspond to an e®ective spin polarization of about 63%, according to Jullière's model. 48 These limited values with respect to theoretical expectations indicate that both the half-metallicity of CFA and the symmetry¯ltering e±ciency by the MgO(001) are a®ected by some negative factors speci¯c to realistic MTJ single crystal multilayer stacks.
To get deeper in the spin depolarization mechanisms, we have performed combined structural analysis and magneto-transport experiments in variable temperature. 49 Our analysis, accomplished on samples with thick MgO barriers, where the density of extended structural defects is enhanced, demonstrates unambiguously the detrimental e®ects of mis¯t-dislocations in a single crystal tunnel barrier on the spin polarization of tunneling electrons. Combining geometric phase analysis of High Resolution Cross Section Transmission Electron Microscopy experiments, 50 Beyond the polarization reduction by the incoherent transport across the insulator, the half metallicity of the CFA is negatively a®ected by other relevant factors, related to the elaboration procedure of our MTJ stacks. First, the insu±cient 350 C annealing temperature of the MTJ stack does not allow the requested structural and chemical ordering and has collateral consequences in electronic and magnetic properties of the Heusler. 35 Annealing the complete MTJ stack to higher temperature would lead to di®usion of Mn, from the IrMn antiferomagnetic layer, across the interfaces and would have further negative e®ect on spin polarization. Second, hybridization between the CFA constituent atoms (mainly Co, Fe) and O has to be considered at the interface CFA/MgO. This, phenomenon is strongly dependent on the interface morphology and could lead to a non half-metallic surface electronic structure of CFA, very di®erent to the bulk-one with expected half-metallic properties. A possible way to overcome some of these di±culties consists in sequential annealing of the MTJ layers during the sample elaboration in an ultrahigh vacuum sputtering system. Therefore, ā rst annealing step of the bottom CFA layer of a CFA/MgO/CoFe/IrMn at temperatures around 450-480 C will certainly improve its quality. 51 Then, a second annealing step of the complete stack can be performed at a lower temperature under in plane applied magnetic¯eld. This provides the exchange bias pining of the hard layer with a limited detrimental Mn di®usion. Following this strategy, large TMR ratios (360% at RT and 785% at 10 K) have been recently reported in epitaxial CFA-based MTJs with a sputter-deposited MgO barrier. 17, 18, 51 These promising results underline the signi¯cant potential of the CFA to be integrated in MTJ devices with large TMR ratios originating from high spin polarization Heusler layer and strong contribution of the coherent tunneling e®ect through Á 
Conclusion
In this paper, we presented a detailed study dedicated to Co 2 FeAl Heusler alloy which has important applications in spintronic devices. First, using ab initio electronic structure calculations we discuss the half-metallicity of this compound. A special attention has been focused on some band symmetry aspects. This is particularly important for magnetic tunnel junction applications, where the electronic Bloch states selected in the Heusler electrode tunnel with symmetry dependent attenuation rate across single crystalline MgO(001) barriers. Furthermore, the paper presents a complex study concerning the correlation between the structural, the static and the dynamic magnetic properties of Co 2 FeAl (CFA) thin lms epitaxially grown on single crystalline (001) MgO substrates. Co 2 FeAl (CFA)¯lms of various thicknesses (10 nm t 115 nm) were grown by sputtering on a (001) MgO substrate and annealed at di®erent temperatures (265 C T a 615 C). According to the XRD investigation, they show full epitaxial growth with chemical order varying from B2 to A2 phase as the thickness or the annealing temperature decreases. The microstrip ferromagnetic resonance (MS-FMR), used to study the dynamic properties and the anisotropy, revealed that the in-plane anisotropy presents two contributions: a four-fold and a two-fold uniaxial symmetry, respectively. The in-plane fourfold anisotropy¯eld shows both thickness and annealing temperature dependence correlated to the thickness and annealing temperature dependence of the chemical order. The presence of the four-fold anisotropy is directly correlated to the crystalline structure of CFA grown on MgO. The e®ective magnetization increases drastically with decreasing CFA thickness and increasing annealing temperature, due to the enhancement of the CFA/MgO interface quality. For appropriate ultra thin CFA stacks annealed at low temperature (below 300 C), the magnetic anisotropy easy axis switches perpendicular to the¯lm plane due to the large positive interface anisotropy. The gyromagnetic factor is found to be independent of annealing temperature and CFA thickness while the exchange sti®ness constant increases with the annealing temperature. The angular and frequency dependences of the FMR linewidth, which decreases with increasing annealing temperature and thicknesses, are governed by two magnons scattering and by a Gilbert damping which decreases with the increasing annealing temperature due to the chemical disorder. A Gilbert damping coe±cient as low as 0.0011, found for samples annealed at 600 C reinforces the interest on CFA and makes it ideal material for some spintronic applications. The CFĀ lms have been used as ferromagnetic electrode in sputtered epitaxial magnetic tunnel junctions (MTJ) based on MgO(001) barriers. These MTJs show TMR ratios around 95% at room temperature.
